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The 3-[(3-cholamidopropyl)dimethylammonio]-l-pro- 
panesulfonic acid-solubilized 30 S ryanodine receptor 
(RyR)/Ca2+ release channel  complex  from  rabbit  skeletal 
muscle,  purified by density gradient  centrifugation,  was 
reconstituted with an excess of phospholipid into pro- 
teoliposomes by removal of the detergent by dialysis. 
Reconstituted proteoliposomes were concentrated by 
centrifugation,  frozen  and  thawed,  and  sonicated. 
rSH]Ryanodine binding  measurements  indicated close to 
50% recovery of calculated binding activity following 
reconstitution of the purified RyR and dynamic light 
scattering measurements a mean vesicle diameter of 
-150  nm. Using these values,  a  functional RyR was esti- 
mated to be  present in only  a  small  fraction (~15%) of the 
reconstituted vesicles. SDS-polyacrylamide gel electro- 
phoresis of trypsin-treated proteoliposomes revealed 
that  about  four-fifths of the reconstituted 30 S complex 
was readily accessible to proteolytic attack. Vesicle- 
46Ca2+ flux and fusion of proteoliposomes  with  planar 
lipid bilayers showed that the reconstituted channel 
complex  could  be activated by  Ca2+  and ATP, inhibited by 
Mg2' and ruthenium red, and modified by ryanodine, 
similarly as observed  for native sarcoplasmic  reticulum 
vesicles. These results suggest that the method de- 
scribed  here results in the reconstitution of a  functional 
channel  and thus provides the opportunity to study the 
structure and function of the sarcoplasmic reticulum 
ea2+ release channel  under  well  defined  conditions. 
In vertebrate skeletal muscle, an action potential triggers 
the  rapid  release of Ca2+ from an intracellular  compartment, 
the sarcoplasmic reticulum (SR),' at specialized areas where 
the SR is juxtaposed to tubular infoldings (T-tubule) of the 
surface  membrane; at these areas  large  protein-bridging  struc- 
tures  are  present that span the gap between the two mem- 
branes  (1).  These  bridging  structures  have  been  termed  feet 
and  are  now commonly known as ryanodine receptor (RyR)/ 
Ca2+  release  channels  because of the  presence of an intrinsic 
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Ca2+  channel  activity  and their ability  to  bind the plant  alkaloid 
ryanodine with high affinity and specificity (for review see 
Ref. 2). 
The Chaps-solubilized RyR has been purified from rabbit 
skeletal  muscle as a tetrameric  30 S protein  complex  comprised 
of M, 565,000  polypeptides (3-51, as determined by  cDNA  clon- 
ing  and  sequencing  (6, 7). The co-purification of a tightly  asso- 
ciated M, 12,000  FK506-binding  protein has been  reported (8). 
The  purified 30 S RyR  complex  displayed  upon  reconstitution 
into  Mueller-Rudin-type  lipid  bilayers, a single  channel  activity 
and  conductance  typical of the  native  SR  Ca2+  release  channel 
(5 ,  9). These  results  suggested that a tetrameric  assembly of 
the M, -565,000  polypeptide is  sufficient  to  form a Ca2+  ion- 
conducting  pore  with a pharmacology  characteristic of the SR 
Ca2+  release  channel.  Functional  expression of full-length  rab- 
bit  skeletal RyR cDNAs  (10)  and  reconstitution of expressed 
proteins  into  planar  lipid  bilayers  (11)  have  supported  the  idea 
that the 30 S RyR  complex has intrinsic  Ca2+  channel activity. 
This  suggestion  was  challenged by Hilkert  et  al. (12) who re- 
ported that reconstitution of a 106-kDa  protein  induced  in  pla- 
nar lipid  bilayers a single  channel  conductance  with a pharma- 
cology comparable  with that reported  by  other  investigators  for 
the  565-kDa "foot" protein. 
Single  channel  reconstitution  studies  can  be  equivocal,  be- 
cause a minor  nonrepresentative  protein  component  may  give 
rise  to  the  observed  channel  activity.  Here  we  describe a pro- 
cedure that yields  sufflcient  quantities of reconstituted  channel 
protein  for  correlating  channel  composition  and  function  on a 
macroscopic  scale. 
EXPERIMENTAL PROCEDURES 
tional (Wind Gap, PA) and [3Hlryanodine from  DuPont  NEN. Phospho- 
Materials-Ryanodine was purchased from AgriSystems Interna- 
lipids were obtained from  Avanti Polar Lipids, Inc. (Birmingham, AL) 
and Chaps from Boehringer Mannheim. All other chemicals were of 
analytical grade. Dialysis tubings (SpectraPor2, molecular  weight cut- 
off: 12,000-14,000,25-mm diameter) were  from Spectrum (Los Angeles) 
and were  boiled for 30-60 min in deionized water before use. 
Preparation of Heavy  SR  Vesicles-"Heavy"  SR  vesicle fractions en- 
riched in [3Hlryanodine binding and Ca*+ release channel activities 
were prepared in  the presence of protease inhibitors (100 nM aprotinin, 
1 VM leupeptin, 1 VM pepstatin, 1 mM benzamidine, 1 nm iodoacetamide, 
0.2 mM phenylmethylsulfonyl fluoride) as described (13). 
Purification of 30 S RyRlCa''  Release Channel Complex-The 30 S 
Ca2+ release channel complex was isolated by sucrose gradient centrifu- 
gation following solubilization o f  heavy SR vesicles in the presence of 
Chaps (5). SR vesicles (-10 mg o f  protein) were  solubilized in 10.5 ml of 
BufferA(l.O M NaC1,O.l rn EGTA,  0.2 mM Ca2+, 5 mMAhIP, 1 mM DIFP, 
1 mM DTT,  20 mM NaPipes, pH 7.4) containing 1.5% Chaps and 5 mgiml 
phosphatidylcholine (95% soybean phosphatidylcholine). The extent of 
RyR solubilization and migration of the solubilized RyR on sucrose 
gradients was monitored by adding [3Hlryanodine (final concentration 
o f  2 nM) to an aliquot (3.5 ml) of the solubilized sample. After incubation 
for 1 h at 23 "C and 1 h  in ice, Chaps-insoluble material was  removed by 
centrifugation at 80,000 x g for 30 min. The supernatant was layered 
(-3.5 ml each) at the top of three gradients made up of 17 ml of a 5% 
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(w/w) sucrose  solution  in  Buffer  A  containing  1%  Chaps and 5 mg/ml 
phosphatidylcholine and 17 ml of a 10-20% linear sucrose gradient 
solution in Buffer  A  containing 0.5% Chaps  and 5 mg/ml phosphatidyl- 
choline. The  gradients  were  centrifuged at 2 "C in  a  Beckman  SW28 
rotor a t  26,000  rpm for 16  h, followed by fractionation  into 2-ml frac- 
tions.  Aliquots of the  fractions from the  gradient  containing L3H]ryano- 
dine  were  used  to  determine  protein  content  and the position of bound 
3H radioactivity on the  gradient.  Receptor  peak  fractions  containing  the 
unlabeled RyR were either used directly for reconstitution or were 
placed for further  purification on a second Chaps-containing sucrose 
gradient  in  Buffer  A  containing 0.5% Chaps  and 5 mg/ml phosphatidyl- 
choline. 
Reconstitution of 30 S RyR Complex into Proteoliposomes-The pu- 
rified 30 S RyR protein complex was  reconstituted  into phospholipid 
bilayer vesicles by removal of detergent by dialysis.  Chaps-containing 
receptor  peak  fractions (4-8-ml aliquots)  were placed into  a  dialysis  bag 
and dialyzed against 700 ml of dialysis buffer (0.5 M NaCI, 0.1 mM 
EGTA, 0.2 mM Ca", 0.5 nm DIFP, 1 mM DTT, and  10 mM NaPipes,  pH 
7.4). Dialysis  was  carried  out  in  a  I-liter  measuring  cylinder a t  4 "C for 
44 h  under  moderate  stirring  and  changing  the  dialysis  buffer a t  2, 6, 
and  20  h. Dialyzed samples were diluted  with 1 volume of 0.1 mM EGTA, 
0.2 mM Ca", 10 mM NaPipes,  pH  7.4,  and proteoliposomes were  sedi- 
mented by centrifugation  in  a  Beckman Ti-75 rotor at  50,000  rpm for 2 
h.  The  pellets  were  resuspended  in 1-2 ml of 0.25 M NaCI, 0.1 mM EGTA, 
0.2 mM Ca2+,  and 10 mM NaPipes,  pH  7.4,  and  either  used  directly or 
quick-frozen in a  dry  ice-acetone  suspension  and  stored a t  -75 "C. Be- 
fore use, frozen samples were slowly thawed at  room temperature, 
rapidly frozen and  thawed twice more,  and  sonicated  for 3 x 20 s a t  0 "C 
in  a  bath  sonicator  (Laboratory  Supplies Co., Hicksville, NY). Control 
liposomes, which lacked the RyR, were  prepared  under  identical condi- 
tions. 
''Ca2+ Flux Measurements-Reconstitution of a  Ca2+-gated  and  ryan- 
odine-sensitive  Ca2+  release  channel  was  determined by measuring  the 
45CaZ+ efflux behavior of reconstituted proteoliposomes. Unless  other- 
wise  indicated, vesicles were  passively loaded with  45Ca2+ by incubation 
a t  23 "C in 0.25 M NaCI, 0.1 mM EGTA, 0.5 mM 4sCa2+, and 10 m 
NaPipes,  pH 7.4. After  30  min, one aliquot  each received an addition of 
1/50 volume of H,O, 5 PM ryanodine, or 10 mM ryanodine  in H,O,  fol- 
lowed by incubation for an additional 90 min at  23 "C. Unless  otherwise 
indicated, 45Ca2+ efflux behavior of vesicles was  determined  by  diluting 
vesicles 75-fold into isoosmolar, pH 7, Ca" release  channel  inhibiting 
(10 mM M P ,  50 PM ruthenium  red,  2 mM EGTA) or activating  (1.0 mM 
EGTA, 1.05 mM Ca2+)  media. Total available "45Ca2+ vesicle space"  (free 
and bound 45Ca2+ inside vesicles and  expressed as  nanomoles of 4sCa2+/ 
pmol of Pi) was  measured by incubating vesicles for 2  h  in  the  presence 
of a low concentration  (0.1  pg/ml) of the CaZ+  ionophore, A23187, fol- 
lowed by dilution of vesicles into  the  release  channel-inhibiting me- 
dium.  Untrapped  and  released  45CaZ+  were  separated  away by filtration 
(under  vacuum)  and  washing  with  the Ca" release  channel-inhibiting 
medium, using 0.22-pm Millipore filters (type GS). Radioactivity re- 
tained by the vesicles on the  filters  was  determined by liquid  scintilla- 
tion  counting. 
Single Channel Recordings-Single channel measurements were 
performed by fusing  reconstituted vesicles into  Mueller-Rudin  planar 
lipid  bilayers  containing  phosphatidylethanolamine,  phosphatidyl- 
serine,  and  phosphatidylcholine  in  the  ratio 5:3:2 (50 mg/ml phospho- 
lipid  in  n-decane)  (14).  Unless  otherwise  indicated,  a  symmetric  solu- 
tion  ofbuffered KC1 (0.25 M KCI, 20 mM Wipes,  pH  7)  was  used to record 
channel  currents  (15).  Electrical  signals  were  filtered at  500 Hz through 
an eight-pole low pass  Bessel  filter,  digitized a t  2.5 kHz,  and  analyzed 
as  described  (14). 
pH]Ryanodine Binding-Unless otherwise  indicated,  gradient  frac- 
tions  and  reconstituted  samples  were  incubated  with 1-20 nM L3H1ry- 
anodine at  12 "C in 0.75 M NaCI, 0.1 m EGTA, 0.4 mM Ca", 5 mMAMP, 
0.5 m DIFP, 5 p~  leupeptin, 1 nm DT", and 20 mM NaPipes,  pH 7.4. 
Nonspecific binding  was  determined  using a 1000-fold excess of unla- 
beled ryanodine.  After  20  h,  aliquots f the  samples  were  diluted  with  40 
volumes of ice-cold water  and placed on Whatman GFlB filters  soaked 
in 5% polyethyleneimine.  After  rinsing  with  three  5-ml  volumes of ice- 
cold water,  radioactivity  remaining  with the  filters  was  determined by 
liquid  scintillation  counting  to  obtain bound [3Hlryanodine. 
SDS-Polyacrylamide Gel Electrophoresis-SDS-PAGE was  per- 
formed in  the  Laemmli  buffer  system  using 6 1 2 %  linear polyacrylam- 
ide  gradient  gels  and  3%  stacking  gels  (16).  Gels  were  either Coomassie 
Blue-stained or silver-stained by the method of Oakley  et al. (17). 
Vesicle Size Distribution-Size distribution of proteoliposomes and 
control lipid bilayer vesicles was  determined by dynamic  light  scatter- 
ing  according  to  the  Gaussian  Analysis  mode,  using  a Nicomp model 370 
Submicron  Particle  Sizer (Pacific Scientific, Silver  Spring,  MD). 2 val- 
ues of less than 2.0  indicated that  actual vesicle size  distributions  were 
in  general well fitted by the  Gaussian  analysis mode. Base-line  adjust- 
ments of less  than  0.1%  suggested that samples  were  largely  free of 
aggregates. 
Other Biochemical Assays-Protein concentrations  were  determined 
by the method of Kaplan  and  Pederson (18) using Amido Black and 
0.45-pm Millipore filters  (type HA). Bovine serum  albumin  was  used  as 
the protein  calibration  standard. Total phosphorus  was  measured as   an 
estimate of lipid phosphorous as described (19). Free  Ca2+  concentra- 
tions  were  calculated by a  computer  program  using  binding  constants 
published by Fabiato  (20). 
Data Analysis-Results are given as  means 2 S.E.  with  the  number 
of experiments  in  parentheses. Significance of differences of data was 
analyzed  with  Student's  paired  t  test. 
RESULTS 
Purification of 30 S RyR Complex-The Chaps-solubilized 
[3Hlryanodine-labeled RyR was  purified by rate density gradi- 
ent centrifugation  (Fig. 1). Analysis of gradient fractions for 3H 
radioactivity and protein yielded a single  peak of bound radio- 
activity  in  fractions 4-6 of the  gradients (Fig. IA ), correspond- 
ing to an  apparent  sedimentation coefficient of 30 S (5 ) .  SDS- 
polyacrylamide gel electrophoresis of gradient fractions 
revealed the presence of a high  molecular  weight  protein band 
of M, 565,000 (6, 7) which co-migrated with bound 3H radioac- 
tivity  (Fig. 1, A and B 1. Densitometric scans of Coomassie Blue- 
stained gels indicated that RyR peak  fractions of the sucrose 
gradient contained the M, 565,000 polypeptide with  a purity of 
795%. In some preparations, several  additional  minor  protein 
bands of varying  intensity were present (Fig. 2, lane 2) .  The 
minor high molecular weight bands below the M, 565,000 
polypeptide reacted on immunoblots  with  a specific rabbit  anti- 
rat Ca2+ release channel protein antiserum, indicating that 
these  bands reflected partial proteolytic degradation of the M, 
565,000 RyR polypeptide (not shown). Some additional proteo- 
lytic breakdown of the M, 565,000 polypeptide was observed 
during reconstitution  (Fig.  2, lanes 3 and 6). Other minor pro- 
tein  bands did  not  co-migrate  with the RyR peak  fractions  in 
the sucrose gradients,  as observed for the M, 565,000 polypep- 
tide and  its proteolytic products.  One of these  bands  appeared 
to be oligomerized Ca2+ ATPase (M,  110,000) as  it co-migrated 
on SDS gels with the major protein  band of heavy SR mem- 
branes  and was  identified as  the ATPase by immunoblotting 
(not shown). A second contaminating band, occasionally ob- 
served in  the M, 100,000 region, may have been triadin, a major 
protein component of the  junctional SR membrane (21). In  ad- 
dition,  several  minor lower molecular weight bands were occa- 
sionally observed in  the molecular weight 30,000-70,000 region 
of the gels. The  contaminating protein bands were largely re- 
moved by recentrifugation of the solubilized RyR on a second 
sucrose gradient (Fig. 2, lune 5) .  
Reconstitution of RyR into Proteoliposomes-The sucrose 
gradient centrifugation procedure yielded on an average  150 pg 
of purified RyR protein in a volume of  8-12 ml from 7 mg of SR 
membrane protein (Table I). In  the  initial reconstitution  experi- 
ments, we used the  gradient fractions  directly or concentrated 
them 3-5-fold before use  in Amicon Centricon 30 microconcen- 
trators.  The soluble receptor  was  incorporated into preformed 
lipid vesicles by the freeze-thaw  technique (221, or membranous 
vesicles were formed by removal of detergent by treatment with 
Bio-Beads SM-2 or SM-4 (Bio-Rad) or by dialysis. Although all 
reconstitution  procedures yielded samples displaying some 
Ca2+  release activity, the  highest activities and most reproduc- 
ible results were obtained by the dialysis  procedure described 
under "Experimental Procedures." 
Size and Composition of Proteoliposomes-The size distribu- 
tion of reconstituted vesicles was  determined by dynamic light 
scattering.  The  apparent vesicle diameter of dialyzed and con- 
FIG. 1. Sedimentation profile of 
Chaps-solubilized  heavy SR proteins 
and  ryanodine  receptor. A ,  heavy SR 
bilized in  Chaps and  centrifuged  through 
vesicles (1.0 mg of proteidml)  were solu- 
a  sucrose  gradient as  described under 
“Experimental  Procedures.”  Analysis of 
gradient  fractions (-2 ml) for protein (0) 
and radioactivity (0) contents indicated 
that the [“Hlryanodine-labeled receptor 
sedimented  to  near  the bottom of the  gra- 
dient (fractions 4-6). The radioactivity 
remaining at   the top of the  gradient ( frac- 
tions 14-17) represented  unbound [‘Hlry- 
anodine. B, SR  membranes (M, 20 pg of 
protein) and gradient fractions 1-17 (25 
pl) were  analyzed by SDS-PAGE and 
stained  with Coomassie Blue as described 
under  “Experimental  Procedures.” Mo- 
lecular  weight  values ( x 10-9 of  RyR and 
standard  proteins  are shown at  the right. 
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centrated  samples  containing  and lacking RyR ranged from 30 
to 500 nm, with  a mean  diameter of 160 i: 25  nm (Table I). A 
similar size distribution  was observed for freeze-thawed 
samples which were  sonicated for 60 s in a bath sonicator. 
Compositional analysis indicated that  reconstituted proteo- 
liposomes were  primarily comprised of phospholipid, with RyR 
accounting for less  than 1%  by weight of the proteoliposomes. 
Compositional homogeneity of reconstituted vesicles was  as- 
sessed by determining  their buoyant density on linear 2-20% 
sucrose gradients. A nearly identical phospholipid sedimenta- 
tion profile was observed for vesicles that contained or lacked 
the RyR (Fig. 3). The protein content of gradient  fractions con- 
taining proteoliposomes ranged from 1 to  5  pg of proteidpmol 
of phospholipid a t  5 and 15% sucrose, respectively. Proteolipo- 
somes in  the peak  fraction of the sucrose gradient  illustrated 
in Fig. 3 were comprised by weight of 99.65% phospholipid 
and 0.35% protein.  Assuming an  area of 0.7 nm2/ 
phosphatidylcholine molecule in  the bilayers and  using  an av- 
erage  proteidphospholipid of 3.0 pg/pmol, mean vesicle diam- 
eter of 147 nm (Table I),  and molecular  weight of 2.26 x 10‘ for 
the tetrameric RyR complex, we calculate that  the reconsti- 
tuted RyR was  present  in maximally  one-fourth of the recon- 
stituted lipid  bilayer vesicles. 
Trypsin Digestion -The M ,  565,000 polypeptide of heavy SR 
vesicles is highly susceptible to proteolytic cleavage by trypsin 
(23-26). Examination by SDS-PAGE revealed that  treatment of 
SR  membranes  and  the Chaps-solubilized purified RyR with 1 
pg/ml trypsin resulted  in loss of the M ,  565,000 polypeptide 
(Fig. 4, lunes 3 and 6). Several high molecular weight frag- 
ments were observed when the soluble RyR was exposed to a 
low trypsin concentration (0.1 pg/ml) (Fig. 4, lune 5 ) .  These 
were further degraded using a 10-fold higher trypsin concen- 
tration (Fig. 4, lune 6). In reconstituted proteoliposomes, tryp- 
sin digestion resulted  in only a partial cleavage (78 i: 7%, n = 4, 
with 1 pg/ml trypsin) of the M, 560,000 polypeptide with the 
concomitant appearance of several new polypeptide bands, in- 
cluding  a  major band of M ,  -150,000 (Fig. 4, lunes 8 and 9).  
Partial  retention of the M ,  565,000 protein band on the SDS 
gels  uggested the presence of multilayered lipid bilayer 
vesicles and/or a disposition of the 30 S complex in  the bilayers 
that  rendered  the RyR insensitive to proteolytic attack. 
fJH]Ryunodine  Binding-[’HIRyanodine binding  to the puri- 
fied soluble and reconstituted  receptors  was studied  under con- 
ditions that favored [“Hlryanodine  binding to the high affinity 
receptor site. These  included the  use of a  binding buffer of high 
ionic strength (0.75 M NaCI) containing 0.3 mM free Ca2+ and 5 
mM AMP (16). Scatchard analysis of [”Hlryanodine binding 
data indicated the presence of a  high  affinity  binding site with 
B,,, values of 296 t 32 and  191 k 26 pmol/mg of protein (Table 
I)  and KD values of 4.9 0.9 and 2.1 i: 0.3 nM (not shown) for the 
Chaps-solubilized and  reconstituted receptor, respectively. By 
comparison, heavy SR vesicles bound 9.5 1.2  pmol of 
[‘HJryanodine/mg of protein (Table I) with a KD of 6.1 0.9 nM. 
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FIG. 2. SDS-polyacrylamide gel analysis of  gradient fractions 
before  and after reconstitution. Lanes 1-4 and 5-9 show Coomassie 
Blue- and  silver-stained  gels, respectively. Shown are SR membranes 
(lane I ,  20 pg of protein), 30 S RyR peak fraction purified on one 
Chaps-containing  gradient before (lane 2) and  after  reconstitution (lane 
3), after  sucrose  gradient  centrifugation of reconstituted  sample (8% 
sucrose  fraction of Fig. 3) (lane 4 ) ,  30 S RyR peak  fraction purified on 
two sequential Chaps-containing gradients before (lane 5) and after 
reconstitution (lane 6 ) ,  and reconstituted samples corresponding to 
fractions 3 (lane 7), 5 (lane 8) and 9 (lane 9 )  of Fig. 1B. 
comprised of four M, 565,000  polypeptides, the theoretical B,,, 
value for the purified  receptor would be 440 pmoVmg  of protein. 
The  actual  averaged  experimental  values of about 300 and 200 
pmol of [3H]ryanodine/mg of protein for the purified detergent- 
solubilized RyR and  reconstituted RyR, respectively  (Table I), 
were lower, indicating  partial receptor  inactivation during pu- 
rification and  reconstitution. 
4sCa2+ Flux Measurements-Reconstitution of a functional 
Ca2+ release  channel  was  assessed by determining  the  4nCa2+ 
uptake  and efflux behavior of proteoliposomes. Freeze-thawed 
and sonicated vesicles were incubated with a relatively low 
concentration of 45Ca2+ (0.5 mM), which favored 45Ca2+ uptake by 
those vesicles that possessed a  functional Ca2’ release channel. 
Vesicles were then  diluted  into media that  either  inhibited (10 
mM M e  and 50 PM ruthenium  red) or activated  (50 PM free 
Ca2+) the SR Ca2+ release channel (Fig. 5). Proteoliposomes 
retained on the  filters a small  fraction of 45Ca2+ present  in  the 
incubation medium (-0.1%). This amount corresponded to 
about 4% of the  total “Ca2+ vesicle space (see below) when the 
vesicles were diluted  into  the  release  channel  activating me- 
dium  and  to  about twice as much when vesicles were placed 
into  the  release  channel  inhibiting medium  (Fig. 5, top: open 
and solid circles). Control liposomes (minus RyR) retained 
smaller  amounts of 4sCa2+. Similar  amounts were retained by 
the control vesicles when transferred  into  either  the  channel 
activating or inhibiting medium  (Fig. 5, bottom: open and solid 
circles). These  results suggested the presence of a Ca2+-acti- 
vated “Ca2+ efflux pathway  in a small population of the recon- 
stituted vesicles containing  the RyR. 
In proteoliposome preparations, the RyR complex was ex- 
pected to be present  in maximally  one-fourth of the vesicles (see 
above). Amounts of 4sCa2+ that could be trapped by all vesicles 
were determined by loading proteoliposomes and control lipo- 
somes with ‘%a2+ in  the presence of a low concentration of the 
Ca2+ ionophore A23187 (0.1 pg/ml). After incubation for 2 h, 
vesicles were  diluted into a medium which contained the two 
Ca2+ release  channel  inhibitors, M e  and  ruthenium red. In- 
cubation with A23187 resulted in a greater than 10-fold in- 
crease in  the  amounts of 45Ca2+ that were trapped by proteoli- 
posomes and control liposomes (Table I).  Under  this condition, 
proteoliposomes and control liposomes exhibited an essentially 
identical ‘%a2+ vesicle space  (defined as  nanomoles of 45Ca2’/ 
pmol of Pi) (Table I). Control experiments  using varyingA23187 
concentrations and ‘%a2+ efflux media indicated that  the above 
conditions yielded a  maximal  45Ca2+ vesicle space.  In other con- 
trols, essentially  all the  trapped “%a2+ was released when the 
vesicles were diluted into a “Ca2+ efflux medium containing 
50 p~ free Ca2+  and a  relatively  high  concentration of A23187 
Table  I  shows that freeze-thaw and sonication resulted in a 
2-3-fold increase  in  the  amount of “5Ca2+ trapped by proteoli- 
posomes and control liposomes which were incubated with 0.1 
pg/ml A23187. In  the absence of A23187, the freeze-thaw pro- 
cedure decreased the  amount of 4sCa2+ trapped by the vesicles. 
These changes in ‘%a2+ permeability  were observed despite  a 
similar vesicle mean  diameter before and  after freeze-thaw and 
sonication of reconstituted vesicles. Taken  together, these re- 
sults  suggest  that freeze-thaw and sonication  improve the  qual- 
ity of the reconstituted vesicles by decreasing their  Ca2+ back- 
ground permeability. 
Reconstitution of a  ryanodine-sensitive 4sCa2+ efflux pathway 
was assessed by incubating proteoliposomes with  a  relatively 
low (100 nM) and high (200 PM) ryanodine concentration. At 
these concentrations,  ryanodine locks the  channel  into  either 
an open subconducting configuration or a fully closed configu- 
ration, respectively (16). Incubation with 100 nM ryanodine 
resulted  in a  small but significant  decrease (p  < 0.001, n = 16) 
of the  amount of lsCa2+ that  remained with the vesicles in  the 
Ca2+  release  channel-inhibiting medium without significantly 
affecting the  amount of  ‘‘Ca2+ retained  in  the channel-activat- 
ing medium (Fig.  5, top: solid and open triangles). Incubation 
with 200 p~ ryanodine had a markedly different effect. The 
amounts of 45Ca2+ that remained with  the ryanodine-treated 
vesicles in Ca2+ release  channel-inhibiting  and channel-activat- 
ing media (Fig. 5, top: solid and open squares) were now  com- 
parable  with those retained by untreated vesicles (minus ryan- 
odine) in the Ca2+ channel-inhibiting medium (upper solid 
circles). The Ca2+ permeability of control liposomes was not 
appreciably affected by 100 nM or 200 PM ryanodine (Fig. 5, 
bottom). These  results  indicate reconstitution of a  ryanodine- 
sensitive  Ca2+ release  channel which could be  modified by ry- 
anodine in a manner  similar  to  that observed for native  chan- 
nels in SR vesicle ion flux measurements (27-29). 
An essentially identical  ryanodine-sensitive  45Ca2+ efflux be- 
havior (not shown) was observed with vesicles reconstituted 
and subfractionated  on  a  sucrose gradient (8% sucrose fraction 
of Fig. 3) or formed after receptor  purification on two successive 
Chaps-containing  sucrose gradients (Fig. 2, lane 6) .  In control 
experiments, two fractions were recovered from Chaps-contain- 
ing sucrose gradients  that preceded and  trailed  the RyR peak 
fraction  (Fig. 1, fractions 3 and 9). After reconstitution, the two 
fractions  displayed on SDS gels  a faint M, 565,000 band and 
protein bands  that could be discerned as minor contaminants  in 
the  30 S RyR peak  fraction  (Fig.  2,  lanes 7-9). In  agreement 
with a reduced RyR content, reconstituted gradient fractions 
preceding and  trailing  the RyR peak fraction exhibited only low 
ryanodine-sensitive  Ca2+ release activities (not shown). 
The SR Ca2+  release  channel  is regulated by various endog- 
enous effectors, including Ca2+, M e ,  and  adenine nucleotides 
(2). Retention  ofATP-activating sites  was  tested by measuring 
4sCa2+ efflux from reconstituted vesicles in media containing 
the  Ca2+ buffers, EGTA or BAPTA (<lo-* M free Ca2+),  and 5 mM 
ATP (Fig.  6). The presence of M e  inhibitory sites  was assessed 
in media  containing 50 PM Ca“ and 5 mM M e .  Addition of 5 
(4 pM). 
Reconstitution of the Ca2+ Release Channel 13309 
TARIX I 
Properties of reconstituted control liposomes  and  proteoliposomes 
The  purified  unlabeled 30 S RyR protein complex was recovered from two sucrose  gradients following centrifugation  in  a Beckman SW28 rotor 
as  described under  "Experimental  Procedures."  Reconstituted control liposomes (minus RyR) and proteoliposomes (plus RyR) were characterized 
as  described under  "Exuerimental Procedures." Values are  means -c S.E.  with  number of exueriments  shown  in  parentheses. 
Control liposomes Proteoliposomes 
SR  membranes  (mg of protein) 
Sucrose  gradient RyR peak  fractions (pg of protein) 
Protein  and phospholipid composition of  RyR peak fractions 
Before reconstitution 
Protein  (pg/ml) 
Phospholipid (pmoVml) 
Proteidphospholipid  (pg/pmol) 
After  freeze-thaw  and  sonication 
Protein  (pg/ml) 
Phospholipid (pmoVml) 
Proteidphospholipid  (pg/pmol) 
Vesicle mean  diameter  (nm) 
After  dialysis 
After  freeze-thaw 
['HlRyanodine binding (pmoVmg protein) 
SR  membranes 
Sucrose  gradient RyR peak  fractions 
Proteoliposomes after  freeze-thaw 
After  dialysis 
-A23187 
+A23187 (0.1 pg/ml) 
4sCa2+ in vesicles (nmoVpmol Pi) 
After  freeze thaw  and sonication 
-A23187 
+A23187 (0.1 pg/ml) 
20 10 0 
SI; Sucrose 
FIG. 3. Sucrose gradient analysis of proteoliposomes. Proteoli- 
posomes (0,O) and control liposomes (minus RyR) (0) were placed a t  
the  top of a 2-20% sucrose  gradient  in 0.25 M NaCI, 0.1 mM EGTA, 0.2 
mM Ca", 0.5 mM DIFP, 1 mM DTT, and 10 mM NaPipes, pH 7.4. Vesicles 
were  centrifuged  in  a Beckman SW60 rotor a t  55,000 rpm for 24 h,  and 
gradient  fractions (0.7 ml)  were  analyzed for sucrose  concentration  and 
protein (0) and phospholipid (0,O) contents. 
mM ATP to  the low Ca2+  medium resulted  in a small  but sig- 
nificant increase  in 45Ca2+ e m u  ( p  < 0.001, n = 15). On  the 
other  hand, 45Ca2+ e m u  was  not significantly inhibited by the 
11 f 0.5 (5) 
19 1.5 (5) 
158 f 25 (4) 
168 f 39 (4) 
0.018 f 0.003 (3) 
0.125 f 0.006 (3) 
0.009 f 0.001 (7) 
0.32 t 0.03 (7) 
7.0 
150  12 (7) 
18f 1.6 (7) 
11 f 0.4 (7) 
1.7 -c 0.2 (7) 
70 f 10 (12) 
23 f 2 (12) 
3.0 -c 0.2 (12) 
161 f 18 (8) 
147 f 19 (8) 
296  32 (10) 
9.5 f 1.2 (3) 
191 26 (12) 
0.031 f 0.006 (5) 
0.125  0.004 (5) 
0.025 f 0.002 (12) 
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FIG. 4. SDS-PAGE of trypsin-digested samples. Shown are Coo- 
massie  Blue-stained  gels of heavy SR  membranes  and 30 S RyR frac- 
tions before and after reconstitution. Proteoliposomes were freeze- 
thawed and sonicated before treatment with trypsin. Samples were 
treated  with  the  indicated  concentrations of trypsin for 1 h a t  22 "C and 
analyzed by SDS-PAGE following the addition of a 20-fold weight excess 
of soybean trypsin  inhibitor  and 1 mM DIFP. 
addition of 5 mM M e  to the 50 PM Ca2+ medium ( p  = 0.14, n = 
6). ATP and M e  were without a  significant effect on the Ca2+ 
permeability of control liposomes (n = 4-7). 
Single Channel Recordings-Reconstitution of a  functional 
Ca2+ release  channel  was also tested by fusing proteoliposomes 
with planar lipid  bilayers. Single reconstituted channels were 
recorded in symmetric 0.25 M KC1 buffer, with K+ as  the  current 
carrier. In the upper truce of Fig. 7A, a K+-conducting Ca2+ 







Reconstitution of the Ca2+ Release Channel 
+RyR 
0 26  60 '76 
Time (sec) 
FIG. 5. Effects of ryanodine  on  '%aB+  efflux  from  reconstituted 
proteoliposomes  and  control  liposomes. Freeze-thawed and soni- 
cated proteoliposomes (top  panel,  +RyR) and control  liposomes (bottom 
panel, -RyR) were incubated for 30 min at  23 "C with 0.5 nm 45Ca2+, 
followed  by incubation for an additional 90 min at 23 "C in  the absence 
(0, 0) or presence of 100 rn (A, A) or 200 1.1~ (D, 0) ryanodine. *%a2+ 
efflux  was initiated by diluting vesicles 75-fold into efflux media con- 
taining either 10 m M e ,  50 pf ruthenium red, and 2 m EGTA 
(closed symbols) or 50 w free Ca2+ (open  symbols). Amounts of 45Ca2+ 
remaining with the vesicles at 25 and 70 s after dilution were deter- 
mined by filtration as described under "Experimental Procedures" 
(-+S.E., n = 16 and 6 for  proteoliposomes (+RyR) and control  liposomes 
(-RyR), respectively). 
was  present  in both chambers of the bilayer apparatus. At 50 
PM Ca2+, the Ca2+-activated channel exhibited a mean open 
probability (Po)  of 0.086 z 0.036 (n = 7). As observed for the 
native Ca2+  conducting release  channel (141, channel activity 
was greatly increased by the addition of 2.4 mM ATP to  the cis 
chamber  (the  side of the bilayer to which the vesicles were 
added)  and  again reduced by the addition of 5 mM Mg2' cis. A 
similar behavior was observed in four of five single channel 
recordings. Addition of 5 ~.IM ruthenium red cis nearly fully 
silenced the  channel (n = 2). An inhibition of the Ca2+-activated 
channel by 5 ~ l l ~  Mg2' was also  observed in  the absence of ATP 
in two out of two experiments (Fig. 7B) .  Single channel con- 
ductance  was 790 * 10 picosiemens (n = 5) with 250 mM K+ as 
the  current  carrier (Fig. 7C). A similar  main conductance of 772 
picosiemens was observed when the detergent-solubilized 
channel was  directly  incorporated into  the  planar bilayers (15). 
Subconducting channel  states  (9, 30, 31) were observed less 
than 20% of the time.  On  addition of micromolar concentrations 
of ryanodine, the  characteristic formation of a fully open chan- 
nel state of decreased conductance was observed (Fig. 701, thus 
confirming that ryanodine-sensitive channels were recorded. In 
Fig. 70, a relatively  high  ryanodine  concentration of 10 PM was 
used to reduce the time required to observe the otherwise  very 
slow interaction of nM ryanodine  with the channel. The single 
channel recordings of Fig. 7 provide additional evidence for the 
"1 
I I I 
0 26  60 '76 
Time (sec) 
FIG. 6. Effects of ATP and Me on  "Ca"  efflux  from proteoli- 
posomes  and  control  liposomes. Freeze-thawed and sonicated  pro- 
teoliposomes (top  panel,  +RyR) and control liposomes (bottom  panel, 
-RyR) were incubated for 120 min at 23 "C with 0.5 nm 45Ca2+.  "Ca2+ 
efflux  was initiated by diluting vesicles  75-fold into efflux  media  con- 
taining <lo-' M free Ca2+ (m), <lo4 M free CaZ+, 10 nm M e ,  and 50 pv 
ruthenium red (01, <lo-* M free Ca2+ and 5 m ATP (O), 50 w free Ca2+ 
(O), or  50 w free Ca2+ and 5 nm Mg2' (A). Amounts of '5Ca2+ remaining 
with the vesicles  were determined at 25 and 70 s by filtration as de- 
scribed under *Experimental Procedures" (+ S.E., n = 4-15). 
reconstitution of a functional  Ca2+ release  channel  into  the lipid 
bilayer vesicles. 
DISCUSSION 
This  study shows that  the purified 30 S RyR complex recon- 
stituted  into proteoliposomes gives rise  to a  Caz+-activated and 
ryanodine-sensitive Ca2+ permeability, which is absent from 
liposomes composed of lipid alone.  Reconstitution of the RyR 
into lipid  bilayer vesicles was  reported previously; proteolipo- 
somes were fused with planar lipid bilayers to record single 
channels  and used in [3H]ryanodine binding  studies  (5,32,33), 
but otherwise not  further characterized. To our knowledge, this 
study  represents  the  first  report  demonstrating  retention of a 
channel activity by a large  number of RyRs in a reconstituted 
system. The  tight association of M, 12,000 FK506-binding pro- 
tein  with  the purified 30 S RyR complex (8) suggests  that a 
receptor complex comprised of the FK506-binding protein and 
M ,  565,000 RyR polypeptide was measured  in  our study. 
A more complete understanding of the Ca2+  permeability of 
the  reconstituted vesicles relies on the use of the CaZ+ ionophore 
A23187. Incubation  with a low concentration of the ionophore 
showed that freeze-thaw and sonication increased the  amounts 
of 45Ca2+ trapped by the vesicles, suggesting an  increase in  their 
tightness to Ca2+. Use ofA23187 further showed that a majority 
(>go%) of the freeze-thawed and sonicated proteoliposomes and 
control liposomes were essentially impermeable to Ca2+, since 
they were not  measurable  unless  rendered permeable by incu- 
bation  with a low concentration of the ionophore. 
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purified and reconstituted RyR com- 
FIG. I. Single  channel  recordings of 
plex. Freeze-thawed and sonicated pro- 
teoliposomes  were  added to the cis side of 
a planar lipid bilayer. A, single channel 
currents, shown on the left as upward  de- 
flections (c = closed), were recorded in 
symmetric 250 rn KCl, 20 mM Wipes, 
pH 7.0, with 50 p free CaZ+ in the cis and 
trans chamber (upper trace, P, = 0.008) 
and following the successive addition of 
mM Mg2' cis (third trace, Po = 0.15), and 5 
2.4 mM ATP cis (second trace, Po = 0.85). 5 
VM ruthenium red (fourth trace, Po -0). 
Holding  potential = +20 mV. B ,  a separate 
channel recording with 250 mM KCV50 
mM  KC1 (cidtrans) buffer plus 50 p~ Ca2+ 
(upper  trace, Po = 0.25) and  following the 
addition of 5 mM MgCl, (lower  trace, Po = 
0.10). Holding  potential = +20 mV. C ,  cur- 
rent-voltage relationship for the K+-con- 
D, separate single channel recording in 
ducting channel. yK+ = 770 picosiemens. 
symmetric 0.25 M KC1 buffer plus 80 VM 
free Ca", 2.4 mM ATP, and 3 m~ M e ,  
before  and  after  modification by 10 VM ry- 
anodine cis. 
A C 
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On an  average, 45% of the calculated high affinity [3Hlry- 
anodine binding  activity could be recovered following reconsti- 
tution of the RyR into proteoliposomes. Reconstitution of a 
ryanodine-sensitive 45Ca2+ vesicle space which was appreciably 
smaller  than  the calculated  space (4 versus 25%) also  suggested 
a partial loss of channel activity during receptor  purification 
and reconstitution. However, other factors  may have contrib- 
uted to the low ryanodine-sensitive 45Ca2+ vesicle space. In 
single channel  experiments,  in  about  half of our recordings, two 
or more channels  appeared simultaneously,  suggesting that a 
substantial fraction of the proteoliposomes contained more 
than one RyR. Trypsin  digestion  suggested that a  sizable  frac- 
tion of the  reconstituted RyR (-20-25%) may have  had a mem- 
brane disposition  different from that  in  the  native SR mem- 
brane. An inside facing configuration of the regulatory sites 
would have prevented channel inhibition and thereby made 
these vesicles undetectable.  In  support of this hypothesis, in- 
cubation with 200 PM ryanodine  increased the  amount of 45Ca2+ 
that  was  trapped by proteoliposomes in the  channel-inhibiting 
medium, presumably by closing all functional release  channels 
(Fig. 5 ) .  
Determination of the 45Ca2+ efflux behavior of passively 
loaded proteoliposomes indicated the presence of a  Ca2+ con- 
ductance which could be affected by endogenous effector mol- 
ecules known to  regulate  the SR Ca2+ release channel.  45Ca2+ 
efflux was increased  as  the  free Ca2+ in  the efflux medium was 
raised from <lo-@ M to M. The addition of 5 mM ATP to the 
low Ca2+  medium  also resulted  in  an increase of 45Ca2+ efflux, 
whereas  the addition of 5 mM Mg2' to  the 50 p a  Ca2+  medium 
was only minimally effective in inhibiting 45Ca2+ efflux. The 
apparent ineffectiveness of Mg2' was likely due to the limited 
time resolution (-25 s )  of proteoliposome-ion flux studies 
which precluded a measurement of the  initial  rates of 45Ca2+ 
efflux. Efflux activity of the  reconstituted  channel  was  there- 
fore  also studied by fusing proteoliposomes with  planar lipid 
bilayers.  Single channel  measurements confirmed the presence 
of a reconstituted ion conductance pathway which could be 
activated by Ca2+ or ATP and inhibited by  Mg2' or ruthenium 
red. Incorporation of SR vesicles into  planar bilayers resulted 
in  the  appearance of a Ca2+-conducting channel  that could be 
regulated by these  ligands in an essentially  identical way (14). 
In conclusion, this  study  demonstrates  that  the SR Ca2+ re- 
lease  channel from rabbit  skeletal muscle can be reconstituted 
into proteoliposomes to form a Ca2+- and ryanodine-sensitive 
Ca2+-permeable  pathway. The reconstitution  procedure results 
in approximately 50% recovery of active channels  and asym- 
metric channel  orientation  was observed. The approach of re- 
constituting Ca2+  release channels  into proteoliposomes allows 
for measurable  amounts of release channel protein to be ana- 
lyzed under defined conditions, thereby  facilitating  future  stud- 
ies  probing the  relationships between the  structure  and func- 
tion of the SR Ca2+ release channel. 
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